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Introduction {#sec1}
============

Circadian clocks regulate the physiology, behavior, and sleep of organisms in a rhythmic daily fashion. Proper timing of these parameters contributes to overall fitness, and it is, therefore, crucial that circadian clocks are accurately synchronized with the environmental time, dictated by the natural daily cycles of light and temperature \[[@bib1]\]. Absence of any environmental time cues reveals the endogenous nature of circadian clock function, realized by rhythmic expression of clock genes. In *Drosophila*, the key clock genes *period* and *timeless* are rhythmically activated by CLOCK (CLK) and CYCLE (CYC), transcription factors belonging to the basic-helix-loop-helix (bHLH)/PAS domain family \[[@bib2]\]. Period (PER) and Timeless (TIM) proteins accumulate in the cytoplasm, whereby PER is stabilized by dimerization with TIM. Eventually, PER and TIM translocate to the nucleus and block CLK/CYC activity to shut down their own transcription until eventual degradation of PER and TIM restarts the cycle \[[@bib2]\]. These molecular oscillations can be synchronized to the environment by light-induced degradation of TIM, which is mediated by the blue light photoreceptor cryptochrome (CRY) \[[@bib3], [@bib4]\]. Upon light exposure, CRY undergoes a conformational change, allowing it to bind to TIM and the F-box protein JETLAG, resulting in the proteasomal degradation of TIM and CRY \[[@bib5], [@bib6], [@bib7], [@bib8], [@bib9], [@bib10]\]. Because PER stability depends on the presence and binding to TIM, this pathway efficiently resets the circadian clock to light.

Although the circadian clock mechanism operates in many cells throughout the body, only a few neurons in the fly brain (∼150) express clock genes. These interconnected "clock neurons" form a neuronal network that regulates the fly's daily behavioral activity rhythm, representing the best studied output rhythm controlled by the clock \[[@bib11]\]. Based on the position within the brain and expression of the neuropeptide Pigment Dispersing Factor (PDF), clock neurons are subdivided into PDF-expressing small and large ventral lateral neurons (s-LNvs and l-LNvs, respectively), the fifth PDF-negative s-LNv, the dorsal lateral neurons (LNds), the dorsal neuron groups 1, 2, and 3 (DN1, DN2, and DN3), and the lateral posterior neurons (LPNs) \[[@bib11]\]. The l-LNvs are important cells for the regulation of sleep and arousal behavior and are thought to propagate light input to the clock \[[@bib12], [@bib13], [@bib14], [@bib15]\]. The s-LNvs are the key neurons driving behavioral rhythms in constant darkness \[[@bib16]\] but also regulate anticipatory behavioral activity at dawn, which is why they were also coined Morning (M) cells \[[@bib17], [@bib18]\]. The fifth s-LNv and LNd represent the Evening (E) cells, which are important for anticipatory behavioral activity at dusk. The DNs form heterogeneous groups of neurons that receive circadian signals from the other clock neurons but also receive and deliver light and temperature information to the network \[[@bib19]\].

CRY is expressed in about 50% of the central brain clock neurons, including all of the LNvs, and subsets of the LNd and DN1. Apart from CRY, circadian clock resetting of behavioral activity and the underlying molecular rhythms in clock neurons is mediated by the compound eyes, the Hofbauer-Buchner eyelet (H-B eyelet), and the ocelli, e.g \[[@bib4], [@bib20], [@bib21], [@bib22], [@bib23]\]. At least six different rhodopsins are expressed in the various visual photoreceptors. The major Rhodopsin 1 (Rh1) is present in the outer photoreceptors, while Rh3--Rh6 are expressed in the inner photoreceptors (Rh3 and Rh4 in R7 and Rh5/6 in R8). Rh6 is also the opsin expressed in the H-B eyelet, while the ocelli only contain Rh2 \[[@bib24], [@bib25]\]. The expression pattern of the recently characterized Rh7 is less clear, as different studies report expression in the s-LNv and LNd \[[@bib26]\], or within the subset of the DN1, and the R8 and H-B-eyelet photoreceptors \[[@bib27]\], respectively.

Flies lacking CRY can still synchronize their circadian clock to light-dark (LD) cycles, and the same applies for visually blind flies lacking *norpA-*encoded phospholipase C-β (PLC-β), an essential enzyme in the canonical phototransduction cascade operating in the visual photoreceptor cells \[[@bib4]\]. When visual phototransduction is blocked in parallel with removing CRY (e.g., in *norpA*^*P41*^ *cry*^*b*^ double mutants), flies lose the ability to synchronize to low light intensities (5--16 lux); nevertheless, they remain able to slowly synchronize to higher light intensities (400 to 1,000 lux) \[[@bib4], [@bib22], [@bib28], [@bib29]\]. In line with these behavioral observations, s-LNvs, LNds, and DN1s exhibit light-synchronized clock protein oscillations in the absence of CRY \[[@bib4], [@bib20], [@bib30], [@bib31], [@bib32]\]. Moreover, s-LNvs of *norpA*^*P41*^ *cry*^*b*^ mutants can still be synchronized by LD cycles, suggesting that the LNds receive *norpA-*dependent, and the s-LNvs receive *norpA-*independent, visual system light input \[[@bib20], [@bib31]\]. Szular et al. (2012) showed that Rh5 and Rh6 contribute to *norpA*-independent behavioral synchronization, raising the exciting possibility that these rhodopsins can use alternative phototransduction pathways and that they are responsible for the CRY-independent light synchronization of TIM and PER expression in the s-LNvs \[[@bib20], [@bib28]\].

Here, we tested this hypothesis by combining different rhodopsin and phototransduction mutants with the *norpA*^*P41*^ *cry*^*b*^ double mutant. We show that *norpA*- and *cry*-independent light input specifically targets the s-LNvs by mediating light-dependent degradation of clock proteins within these neurons. *norpA*- and *cry-* independent molecular and behavioral synchronization depends on Rh1, Rh5, and Rh6 and also requires Gq as well as the second *Drosophila* PLC-β, encoded by *Plc21C*. Electroretinogram (ERG) recordings from the same mutants reveal residual *norpA*-independent light responses that depend on *Rh5* and *Rh6* expressed in R8 photoreceptors as well as on *Gq* and *Plc21C*.

Results {#sec2}
=======

*norpA*-Independent Circadian Clock Resetting Requires Gq {#sec2.1}
---------------------------------------------------------

As a measure of circadian clock synchronization to light, wild-type and mutant flies were raised in 12-hr:12-hr LD cycles (lights on at 9 a.m.) at a constant temperature of 25°C and 60% relative humidity. During the light part of these LD cycles, 3- to 5-day-old males were individually loaded into glass tubes, and locomotor activity was monitored for 4 days using the same LD cycle (i.e., lights on at 9 a.m.), except that now, light intensity was gradually ramped from 0 to 180 lux and back, using white LEDs (see [Figure S1](#mmc1){ref-type="supplementary-material"} for light profile and LED spectrum). We avoided using higher light intensities to prevent potential light-independent activation of rhodopsins \[[@bib33]\]). To ensure that all mutant (potentially "circadian blind") genotypes become synchronized during the first 4 days of the experiment, we applied a 25°C:16°C temperature cycle combined with the LD cycle (temperature increase at 9 a.m.). During these conditions, wild-type flies exhibit typical bimodal or crepuscular behavior, with activity peaks in the morning and evening ([Figure 1](#fig1){ref-type="fig"}A) \[[@bib34]\]. After 4 days of exposure to these combined LD and temperature cycles, a clear synchronized activity peak in all genotypes could be observed ([Figures 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}). In contrast to the wild-type controls, most of the visually impaired mutants exhibited a slowly advancing or broadened evening activity peak, which is reminiscent of the wild-type activity peak after exposure to 25°C:16°C temperature cycles in constant darkness (DD) (e.g., [Figures 2](#fig2){ref-type="fig"}A--2D) \[[@bib34]\]. Although this preferential synchronization to temperature already indicates deficits in light resetting, the synchronized activity peak allowed us in the following to analyze how many days the various genotypes require to resynchronize their behavioral activity pattern to a 6-hr delay of this LD cycle (where the temperature was kept constant at 25°C). Flies were exposed for 7 days to the shifted LD cycle (mimicking a rapid westward time zone shift of 6 hr) before being released into DD conditions at constant 25°C. As previously reported, wild-type flies and *norpA*^*P41*^ mutants require only 1--2 days for resynchronization, whereas *cry*^*b*^ and *norpA*^*P41*^ *cry*^*b*^ double mutants require at least 5 days \[[@bib28], [@bib29]\] ([Figures 1](#fig1){ref-type="fig"}A--1D, [2](#fig2){ref-type="fig"}A, and 2E). Additional removal of Rh5 and Rh6 function (*norpA*^*P41*^ *Rh5*^*2*^ *Rh6*^*1*^ *cry*^*b*^) abolishes the ability to resynchronize completely, confirming that Rh5 and Rh6 operate in a *norpA*- and *cry*-independent pathway ([Figures 2](#fig2){ref-type="fig"}B and 2E) \[[@bib28]\]. We then tested flies lacking Rh1 (encoded by *ninaE*) in the same *norpA*^*P41*^ *cry*^*b*^ background and found that they, too, are not able to resynchronize to LD cycles, suggesting that Rh1 can also signal independently of *norpA* ([Figure 2](#fig2){ref-type="fig"}C). In order to identify where the *norpA*-dependent and *norpA*-independent transduction pathways diverge, we analyzed *Gq*^*1*^ mutant flies in the background of the *norpA*^*P41*^ *cry*^*b*^ double mutant. These mutants also failed to resynchronize to the shifted LD cycle, indicating that the signaling pathways diverge after activation of Gq and before activation of the *norpA*-encoded PLC-β ([Figure 2](#fig2){ref-type="fig"}D). We note that removal of Rh7 did not further impair re-synchronization in flies lacking *norpA* and *cry* function, indicating that the phenotypes described earlier are specific for Rh1, Rh5, Rh6, and Gq \[[@bib27]\]. To better visualize re-synchronization of the activity peaks, we also plotted the average daily activity before the shift and during the final 3 days before release into DD next to the actograms. While, in *norpA*^*P41*^ *cry*^*b*^ flies, the main evening activity peak before and after the shift occurs almost at the same time with relation to the LD cycle, the activity peak in the various rhodopsin and Gq mutants does not shift or only shifts minimally ([Figures 2](#fig2){ref-type="fig"}A--2D). We also quantified this behavior by determining the daily shift of the activity peak, again revealing no, or minimal, behavioral adjustment to the delayed LD cycle in the rhodopsin and Gq mutants ([Figure 2](#fig2){ref-type="fig"}E; [STAR Methods](#sec4){ref-type="sec"}).Figure 1*norpA* and *cry* Mutants Re-entrain More Slowly than Wild-Type(A--C) Representative actograms (left) of 16 flies for each of the genotypes and histograms (right) of the last 3 days before the shift (top) and after the shift (bottom). (A) *y w*. (B) *norpA*^*P41*^. (C) *y w;; cry*^*b*^.(D) Quantification of the position of the evening peaks for the three genotypes for each day of the experiment. While wild-type flies move their evening peak by 5 hr on the first day and 0.8 hr on the second day of the phase shift, *norpA*^*P41*^ mutants need almost 2 days to move their evening peak by 5.6 hr (3 hr on the first day and 2.6 hr on the second). *cry* mutants shift 5.6 hr in 5 days (1.9 hr on the first day, 1.8 hr on the second, 0.7 hr on the third, 0.4 hr on the fourth, and 0.8 hr on the fifth). *y w*, n = 58; *norpA*^*P41*^, n = 31; *y w;; cry*^*b*^, n = 56.See also [Figure S1](#mmc1){ref-type="supplementary-material"}.Figure 2Rh1, Rh5, Rh6, and Gq Contribute to *norpA*- and *cry*-Independent Behavioral Light Resetting(A--D) Representative actograms (left) of 16 flies for each of the genotypes, and histograms (right) of the last 3 days before the shift (top) and after the shift (bottom). Flies were entrained to a 2-hr ramping 12-hr:12-hr LD cycle in combination with temperature cycles of 25:16°C. After 4 days, the temperature was kept constant at 25°C, and the LD regime was shifted 6 hr. The flies were kept in these new conditions for 7 days, and afterward they were in constant darkness for 5 days. (A) *norpA*^*P41*^*;; cry*^*b*^. (B) *norpA*^*P41*^*; Rh5*^*2*^*; Rh6*^*1*^*cry*^*b*^. (C) *norpA*^*P41*^*;; ss*^*1*^*cry*^*b*^*ninaE*^*17*^. (D) *norpA*^*P41*^*; Gq*^*1*^*; ss*^*1*^*cry*^*b*^.(E) Comparison of the position of the evening peak for each of the genotypes for each of the days of the experiment. While *norpA*^*P41*^*;; cry*^*b*^ flies shift their evening peak by 5.7 ± 0.2 hr during the 7 days of the new regime, none of the other mutants are able to adapt to the new conditions (*norpA*^*P41*^*; Rh5*^*2*^*; Rh6*^*1*^*cry*^*b*^, 3.0 ± 0.3 hr; *norpA*^*P41*^*; Gq*^*1*^*; cry*^*b*^, 0.5 ± 0.4 hr; and *norpA*^*P41*^*;; ninaE*^*17*^*cry*^*b*^, 2.9 ± 0.3 hr). *norpA*^*P41*^*;; cry*^*b*^, n = 40; *norpA*^*P41*^*; Rh5*^*2*^*; Rh6*^*1*^*cry*^*b*^, n = 55; *norpA*^*P41*^*; Gq*^*1*^*; ss*^*1*^*cry*^*b*^, n = 41; and *norpA*^*P41*^*;;ss*^*1*^*cry*^*b*^*ninaE^17^*, n = 57.Error bars represent SEM. ^∗∗∗∗^p \< 0.0000001.See also [Figures S1](#mmc1){ref-type="supplementary-material"}A, S1B, and [S3](#mmc1){ref-type="supplementary-material"}.

*norpA*- and *cry*-Independent Light Signaling Targets the s-LNv Pacemaker Neurons {#sec2.2}
----------------------------------------------------------------------------------

The ability of *norpA*^*P41*^ *cry*^*b*^ double mutants to resynchronize activity rhythms to LD cycles is presumably mediated by molecular oscillations in at least some of the clock neurons that are known to control these rhythms. Indeed, a previous study showed that PER oscillations in the s-LNvs of *norpA*^*P41*^ *cry*^*b*^ flies are synchronized during LD cycles \[[@bib20]\]. Therefore, we determined whether PER oscillations could be synchronized by LD cycles (at constant temperature) in clock neurons of *norpA*^*P41*^ *cry*^*b*^ flies and in flies that additionally lacked rhodopsins or Gq. In agreement with the previous study \[[@bib20]\], *norpA*^*P41*^ *cry*^*b*^ double mutants maintain robust PER oscillations during the LD cycle in the s-LNvs. Indeed, we show here that, in contrast to the l-LNvs, the four PDF-expressing s-LNvs and the fifth PDF-negative s-LNv maintain light-synchronized oscillations in *norpA*^*P41*^ *cry*^*b*^ ([Figures 3](#fig3){ref-type="fig"}A--3D). In contrast, flies lacking additionally Rh5 and Rh6, as well as those lacking Gq, do not show rhythmic accumulation of PER, presumably due to the lack of light-mediated degradation during the day (see high PER levels at zeitgeber time \[ZT\] 10 in [Figure 3](#fig3){ref-type="fig"}). We also analyzed PER levels in s-LNvs at normal peak (ZT22) and trough (ZT10) time points in flies lacking Rh1, in addition to PLC-β and CRY, and again saw maintained high PER levels at ZT10, suggesting a block of light-dependent degradation ([Figure 3](#fig3){ref-type="fig"}). We also determined PER levels in the other clock neuronal groups but did not observe any consistent differences between *norpA*^*P41*^ *cry*^*b*^ flies and those lacking rhodopsins or Gq in addition ([Figure S2](#mmc1){ref-type="supplementary-material"}). These results strongly suggest that the main target for the *norpA*- and *cry*-independent light input are the PDF^+^ and PDF^−^ s-LNvs and that light-synchronized oscillations in these neurons are responsible for the behavioral synchronization of *norpA*^*P41*^ *cry*^*b*^ flies.Figure 3Rh1, Rh5, Rh6, and Gq Are Required for Synchronized PER Oscillations in the s-LN Clock Neurons(A and B) Representative images of the staining at ZT22 and ZT10 of the l-LNvs and the fifth s-LNv (A; fifth s-LNv marked with arrowheads) and the s-LNvs (B), with PER antibody indicated in green and PDF antibody indicated in magenta to identify the fifth PDF-negative s-LNv. Scale bars, 10 μm.(C--E) Quantification of PER expression in the l-LNv (C), fifth s-LNv (D), and PDF^+^ s-LNv (E). Note that PER oscillations in the PDF^+^ and PDF^−^ s-LNvs are synchronized to the LD cycle in *y w* and *norpA*^*P41*^*;; cry*^*b*^ flies, but not in any of the other genotypes, presumably because of PER is not degraded during the day (compare PER values at ZT10 between the genotypes: PER levels in *y w* and *norpA*^*P41*^*;; cry*^*b*^ s-LNvs are significantly lower compared to any of the mutants; ^∗∗∗∗^p \< 0.0000001 and ^∗∗∗^p \< 0.0001, respectively). For ZT22 and ZT10 time points, between 12 (*norpA*^*P41*^*;; ninaE*^*17*^*ss*^*1*^*cry*^*b*^) and 51 (*y w*) brain hemispheres were imaged in 2--5 independent experiments. For ZT4 and ZT16 time points, between 6 (*norpA*^*P41*^*; Gq*^*1*^*; ss*^*1*^*cry*^*b*^) and 19 (*y w*) hemispheres were analyzed in 3 independent experiments (see [Table S1](#mmc1){ref-type="supplementary-material"} for exact numbers).Error bars indicate SEM.See also [Figure S2](#mmc1){ref-type="supplementary-material"} and [Table S1](#mmc1){ref-type="supplementary-material"}.

Rh5 and Rh6 Dominate the Residual ERG Responses in *norpA* Mutant Flies {#sec2.3}
-----------------------------------------------------------------------

Our results indicate a *norpA*- and *cry*-independent role for Rh1, Rh5, Rh6, and Gq in behavioral and molecular light resetting of the *Drosophila* clock. All of these genes and proteins are expressed in the retinal photoreceptors; Rh1 is expressed in the outer photoreceptor cells R1--R6; Rh5 and Rh6 are expressed in the inner R8 cells; and Gq is expressed in all photoreceptors. In addition Rh6 is expressed in the H-B eyelet, e.g \[[@bib35]\], but although the Rh5 promoter is also active in this structure, Rh5 protein could not be detected in the eyelet \[[@bib25], [@bib28]\]. Therefore, we speculated that the most relevant tissue for the circadian clock function of Rh1, Rh5, Rh6 and Gq was the retina. In an attempt to demonstrate the involvement of retinal rhodopsins in *norpA*-independent phototransduction, we performed ERG recordings with flies lacking *norpA* as well as several rhodopsins and Gq. All genotypes carrying *norpA*^*P41*^ were also mutant for *cry* (i.e., they were the same lines we used for the behavioral analysis), though it has recently been reported that the lack of CRY does not influence the ERG \[[@bib36]\].

*norpA*^*P41*^ is a true loss-of-function allele \[[@bib28]\] and was reported to lack all ERG responses to light \[[@bib37]\] ([Figure 4](#fig4){ref-type="fig"}A). Upon closer inspection, however, small (\<1 mV) ERG responses to bright illumination are detectable in *norpA*^*P41*^ mutant flies ([Figures 4](#fig4){ref-type="fig"}B and 4C). As an extracellular potential, photoreceptor depolarization in the ERG is manifested as a maintained hyperpolarizing (negative) response, while positive-going "on" and negative-going "off" transients reflect transient activation of postsynaptic interneurons. In *norpA*^*P41*^, a small maintained hyperpolarization of up to ∼1 mV was detected in response to a 2-s bright step of light, which then decayed very slowly ([Figures 4](#fig4){ref-type="fig"}B, 4C, and [S1](#mmc1){ref-type="supplementary-material"}C). Surprisingly, this response was largely unaffected (if anything, slightly enhanced) in *norpA*^*P41*^ *ninaE*^*17*^ double mutants lacking visual pigment in the major R1--R6 class ([Figures 4](#fig4){ref-type="fig"}B and 4C). By contrast, in *norpA*^*P41*^ *Rh5*^*2*^ *Rh6*^*1*^ treble mutants lacking visual pigment in all R8 cells, the negative-going ERG was largely abolished, leaving a small, predominantly positive-going response ([Figures 4](#fig4){ref-type="fig"}B and 4C). This suggests that the R8 cells contribute most of the receptor component of the residual ERG in *norpA*^*P41*^ flies. ERG responses in *norpA*^*P41*^ *Gq*^*1*^ were similar in amplitude compared to *norpA*^*P41*^ alone, but the duration of the response was significantly shortened ([Figures 4](#fig4){ref-type="fig"}B and 4D). This shows that Gq influences the duration of the *norpA*-independent residual ERG response, in line with observations from whole-cell patch-clamp recordings from R1--R6 photoreceptors \[[@bib38]\]. While the underlying physiological mechanisms for these effects are not known, the results, nevertheless, indicate an involvement of Rh5, Rh6, and Gq in the *norpA*-independent ERG response.Figure 4Rh5 and Rh6 Dominate the *norpA*-Independent ERG Responses(A) ERG in response to a 2-s bright white light flash (bar, equivalent to ∼10^7^ effective photons per photoreceptor) in *norpA*^*P41*^ (blue), *Rh5*^*2*^*; Rh6*^*1*^ (black), and *norpA*^*P41*^*; Rh5*^*2*^*; Rh6*^*1*^ (purple) mutants.(B) ERG responses in response to a 2-s bright white flash. Top traces recorded from *norpA*^*P41*^ flies (blue), *norpA*^*P41*^*; Rh5*^*2*^*; Rh6*^*1*^ flies lacking both R8 opsins (purple), and *norpA*^*P41*^*;; ninaE*^*17*^ mutant flies lacking the R1--R6 opsin (green). Lower traces recorded from *norpA*^*P41*^ flies (blue; same as upper panel), *norpA*^*P41*^; *Gq*^*1*^ flies (red), and *norpA*^*P41*^; *Gq*^*1*^*/CyO* flies (black; sibling controls from same vials). Each trace is a "grand" average from responses from 5 to 10 flies, each of which was itself averaged from responses to at least 4 flashes repeated at 5-min intervals.(C) Summary of response amplitudes averaged over the last 500 ms of the 2-s flash. Responses in *norpA*^*P41*^*; Rh5*^*2*^*; Rh6*^*1*^ were significantly (p = 0.005) more positive than *norpA*^*P41*^ controls. Other genotypes were not significantly different (one-way ANOVA with Dunnett's multiple comparison).(D) Summary of response amplitudes averaged between 2 and 4 s after termination of the stimulus. Responses in *norpA*^*P41*^; *Gq*^*1*^ recovered significantly more quickly (p = 0.002). All genotypes were also homozygous for the *cry*^*b*^ allele, but CRY does not influence the ERG response \[[@bib36]\].See also [Figure S1](#mmc1){ref-type="supplementary-material"}C.

*PLC21C*-Encoded PLC-β Participates in Circadian Light Resetting and ERG Responses {#sec2.4}
----------------------------------------------------------------------------------

A candidate for the alternative Gq target is PLC21C, the second PLC-β encoded in the *Drosophila* genome. PLC21C is enriched in heads and the CNS \[[@bib39]\], and we show here that *Plc21C* mRNA is also expressed in the retina ([Figure 5](#fig5){ref-type="fig"}A). To test whether *Plc21C* participates in *norpA*-independent circadian photoreception, we combined the *Plc21C*^*P319*^ allele with *norpA*^*P41*^ and *cry*^*b*^. *Plc21C*^*P319*^ is a strong hypomorphic allele, which drastically reduces the amplitude of electroantennogram recordings in response to odor stimulation \[[@bib39], [@bib40]\]. Surprisingly, the treble-mutant flies did not synchronize to shifted LD cycles, similar to introducing *Gq*^*1*^, *ninaE*^*17*^, or *Rh5*^*2*^ *Rh6*^*1*^ into the same background ([Figures 5](#fig5){ref-type="fig"}B and 5D; compare to [Figure 2](#fig2){ref-type="fig"}). To confirm that *Plc21C* and *Gq* operate in the same pathway, we also tested the light-resetting ability of transheterozygous *norpA*^*P41*^ *Gq*^*1*^*/Plc21C*^*P314*^ *cry*^*b*^ flies. Although these flies carry one wild-type copy of the *Gq* and *Plc21C* genes, they are not able to resynchronize to the shifted LD cycle, demonstrating that both genes genetically interact and strongly indicating that Gq activates PLC21C ([Figures 5](#fig5){ref-type="fig"}C and 5D). The same strategy (with identical alleles) has been used previously to demonstrate that Gq activates Plc21C in the olfactory system \[[@bib41]\]. Next, we performed ERG recordings from *norpA*^*P41*^ *Plc21C*^*P319*^ *cry*^*b*^ flies and found that, similar to *norpA*^*P41*^ *Rh5*^*2*^ *Rh6*^*1*^ *cry*^*b*^ flies, they only showed a small positive-going response to brief light pulses ([Figures 5](#fig5){ref-type="fig"}E and 5F). These data suggest that *Plc21C* contributes to circadian light resetting and *norpA*-independent ERG response, presumably in response to Rh5/Rh6-mediated activation of Gq.Figure 5PLC21C Participates in Circadian Light Resetting and ERG Responses(A) Determination of *Plc21C* expression levels in brains and retinas of control and mutant flies by semi-qRT-PCR. Data were normalized against the ribosomal gene *rp49*.(B and C) Representative actograms (left) of 16 flies for each of the genotypes, and histograms (right) of the last 3 days before the shift (top) and after the shift (bottom). (B) *norpA*^*P41*^*; Plc21C*^*P319*^; *cry*^*b*^. (C) *norpA*^*P41*^*; Plc21C*^*P319*^*/Gq*^*1*^*; cry*^*b*^/ *ss*^*1*^*cry*^*b*^.(D) Phase determination of evening activity peaks for *norpA*^*P41*^*;; cry*^*b*^ (n = 40, same as in [Figure 2](#fig2){ref-type="fig"}), *norpA*^*P41*^*; Plc21C*^*P319*^*; cry*^*b*^ (n = 36), and *norpA*^*P41*^*; Plc21C*^*P319*^*/Gq*^*1*^*; cry*^*b*^/ *ss*^*1*^*cry*^*b*^ (n = 28) flies. In the 7 days of the new light regime, neither *norpA*^*P41*^*; Plc21C*^*P319*^*; cry*^*b*^ flies nor *norpA*^*P41*^*; Plc21C*^*P319*^*/Gq*^*1*^*; cry*^*b*^/ *ss*^*1*^*cry*^*b*^ flies are able to shift their main activity peak.(E) ERG in response to a 2-s bright white light flash in *norpA*^*P41*^ (blue), *norpA*^*P41*^*; Plc21C*^*P319*^*/+; cry*^*b*^ (purple), and *norpA*^*P41*^*; Plc21C*^*P319*^; *cry*^*b*^ (green) flies. Each trace is a "grand" average from responses from 5--10 flies, each of which was itself averaged from responses to at least 4 flashes repeated at 5-min intervals.(F) Summary of response amplitudes averaged over the last 500 ms of the 2-s flash. *norpA*^*P41*^*; Plc21C*^*P319*^; *cry*^*b*^ no longer showed any hyperpolarizing component at this state (p \< 0.0001, one-way ANOVA with Dunnett's multiple comparison). *norpA*^*P41*^*; Plc21C*^*P319*^*/+* heterozygotes also showed a reduced hyperpolarizing component, though this was only marginally significant on this sample (p = 0.06).See also [Figure S1](#mmc1){ref-type="supplementary-material"}.

Discussion {#sec3}
==========

The daily environmental changes of light and darkness arguably represent the most reliable circadian clock resetting cue for all organisms exposed to these natural LD cycles. Not surprisingly, various photoreceptors and photopigments contribute to light synchronization in plants and animals, with multiple light-input pathways existing within one species, e.g \[[@bib20], [@bib41], [@bib42]\]. In *Drosophila,* next to the well-established role of the blue light photoreceptor CRY, expressed within subsets of the circadian clock neurons, the visual system also contributes to daily light resetting, e.g \[[@bib4], [@bib20]\]. Contribution of the visual system involves canonical rhodopsin signaling, which depends on *norpA*-encoded PLC-β, and which is important for synchronization to low-light LD cycles \[[@bib4], [@bib22]\]. On the other hand, Rh5 and Rh6 have been shown to be part of a *norpA*-independent pathway, contributing to the synchronization of medium-intensity-light LD cycles (∼400 lux) and suggesting the existence of non-canonical rhodopsin phototransduction in *Drosophila* \[[@bib28]\]. Here, we demonstrate that *Rh1*, *Rh5*, *Rh6*, *Gq*, and *Plc21C* are required for light synchronization of molecular and behavioral circadian rhythms in the absence of CRY and canonical visual phototransduction.

Molecular Synchronization by Light in the Absence of CRY and Canonical Phototransduction {#sec3.1}
----------------------------------------------------------------------------------------

Ultimately, all resetting cues that have the potency to stably synchronize clock-controlled behavioral rhythms must affect the molecular oscillations in at least a subset of the clock neurons. The main target of light signals is the clock protein TIM, which is degraded after light-dependent interaction with the photoreceptor CRY and the F-box protein JET \[[@bib5], [@bib8], [@bib9], [@bib10]\]. However, CRY is only expressed in about 50% of the ∼150 clock neurons in the fly brain \[[@bib43], [@bib44]\], and light-dependent synchronization of clock protein cycling still occurs in some of clock neurons in *cry* mutants, including the s-LNv, LNd, and DN1 neurons that normally express *cry* \[[@bib4], [@bib20], [@bib23], [@bib30], [@bib31], [@bib32], [@bib45]\]. Furthermore, TIM is CRY-independently degraded in s-LNv and LNd clock neurons after artificial excitation of the PDF^+^ LNv \[[@bib46]\]. This degradation requires PDF signaling from s-LNv to LNd and the E3 ubiquitin ligase CUL-3, which is also required for TIM degradation in constant darkness \[[@bib46], [@bib47]\]. Taken together, these findings show that both light-dependent and light-independent TIM degradation mechanisms exist, which do not depend on CRY and, presumably, are responsible for the synchronized TIM and PER oscillations in *norpA cry* double mutants. Here, we reveal that light-synchronized PER oscillations in the four PDF^+^ s-LNvs and the PDF^−^ fifth s-LNv are abolished by blocking *norpA*- and *cry-*independent photoreception. In other words, we show that Rh1, Rh5, Rh6, and Gq are part of the CRY*-*independent molecular resetting mechanism targeting the s-LNv pacemaker neurons. Interestingly, CRY-independent light-synchronized oscillations in the fifth s-LNv, but not in the PDF^+^ s-LNvs, depend on PDF signaling \[[@bib30], [@bib32], [@bib45]\]. This means that the rhodopsin- and Gq-dependent (but *norpA*-independent) mechanism signals light information most likely directly to the PDF^+^ s-LNv, resulting in CRY-independent molecular clock resetting in all s-LNvs.

Role of PLC21C in Rhodopsin-Mediated Phototransduction {#sec3.2}
------------------------------------------------------

We show here that the *norpA*-independent pathway depends on Gq, which is also central to the canonical phototransduction pathway. This means that downstream of Gq activation by Rh5, Rh6, and Rh1, alternative effector molecules signal light information to the circadian clock neurons. Our data suggest that the alternative Gq target is PLC21C, the second PLC-β encoded in the fly genome \[[@bib39]\]. This is a surprising finding, because PLC21C has not previously been implicated in photoreceptor function, although it has been shown to function in olfactory signal transduction in the antennae downstream of Gq \[[@bib40]\]. In addition, *Plc21c* is expressed in the CNS and, presumably, within subsets of the clock neurons (the PDF expressing LNv), where this enzyme has recently been implicated in light resetting of the circadian clock by brief light pulses \[[@bib26]\]. Ni et al. (2017) suggest that PLC21C is activated by Rh7, which, they show, is expressed in the LNv contributing to clock resetting after exposure to brief light pulses. Nevertheless, Rh7 mutants do not show any re-synchronization defects when exposed to shifted white-light LD cycles, as we applied here \[[@bib27]\]. Rh7 mutants also did not increase the synchronization deficits of single *cry* or *norpA cry* double mutants \[[@bib27]\], showing that Rh7 does not contribute to *norpA*-independent light resetting. Moreover, PLC21C has been shown to act downstream of Go in LNvs to set the (light-independent) free-running period length to 24 hr in response to GABAergic input \[[@bib48]\]. Considering the LNv-specific and light-independent functions associated with PLC21C, combined with its known role in olfactory sensory neurons, the new role for this enzyme in the *norpA*-independent light-input pathway was unexpected and warrants further investigation.

Which Photoreceptor Cells Utilize the Novel Transduction Pathway? {#sec3.3}
-----------------------------------------------------------------

Based on our behavior and molecular light-resetting results, it is likely that the Rh1-expressing photoreceptor cells R1--R6, as well as the Rh5- and Rh6-expressing R8 photoreceptors, contribute to *norpA-*independent clock resetting. It is also possible that the R7 cells expressing the UV-sensitive opsins Rh3 and Rh4, as well as blue-light-sensitive Rh2-expressing ocelli, participate in *norpA-*independent light synchronization, but to test their contribution, experiments need to be performed with the specific light spectra in contrast to the white LED light regime used in the present study.

The neuronal connection between the retinal photoreceptors and the circadian clock neurons is currently unknown, but presumably is indirect; e.g \[[@bib12]\]. In addition to the R8 cells, 4 photoreceptive cells constituting the H-B eyelet express Rh6 and have been implicated in light signaling to the circadian clock \[[@bib20], [@bib23], [@bib25], [@bib28]\]. In fact, a recent study revealed direct synaptic contacts between the H-B eyelet axons and the dendritic fields of the LNv neurons \[[@bib35]\]. Moreover, artificial excitation of all Rh6-expressing cells resulted in Ca^2+^ and cyclic AMP (cAMP) increases in the PDF^+^ s-LNv, but not the l-LNv, consistent with our results showing that Rh6 contributes to molecular clock resetting in the s-LNv \[[@bib35]\] ([Figure 3](#fig3){ref-type="fig"}). Therefore, we conclude that, most likely, both retinal and H-B eyelet photoreceptors utilize *norpA*-independent light signaling, targeting the s-LNv.

*norpA*-Independent Features of the ERG Responses {#sec3.4}
-------------------------------------------------

Removal of Rh5 and Rh6 function strongly attenuated the residual hyperpolarizing component of the ERG responses of *norpA* mutants to bright white-light flashes, suggesting that the R8 cells substantially contribute to the remaining light sensitivity in the absence of *norpA*. It also suggests that this remaining sensitivity contributes to both behavioral and molecular light resetting of the circadian clock ([Figures 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}). Removal of Gq also affected the *norpA* ERG: although the kinetics and degree of the initial negative response, reflecting depolarization of the (R8) photoreceptor cells, were similar in *norpA* single and *norpA Gq* double mutants, responses lasted considerably longer in the single mutants ([Figures 4](#fig4){ref-type="fig"}B and 4D). Although we would have expected a stronger effect on the initial response, our results show that a Gq-dependent component contributes to the residual light responses of *norpA* mutants, and it is possible that this Gq function correlates with the role of Gq in behavioral and molecular synchronization ([Figure 2](#fig2){ref-type="fig"}, [Figure 3](#fig3){ref-type="fig"}). The weaker effects (compared to Rh5 and Rh6 removal) could be explained by the fact that the *Gq*^*1*^ allele is a severe hypomorph \[[@bib49]\], whereas *Rh5*^*2*^ and *Rh6*^*1*^ alleles are true loss-of-function mutants. Also, we cannot rule out the possibility that part of the residual *norpA* ERG sensitivity is independent of Gq, although the severe phenotype observed in *Plc21C* mutants suggests that it solely depends on Gq activation by Rh5 and Rh6.

Requirement of Rh1, Rh5, and Rh6 for Molecular and Behavioral Synchronization {#sec3.5}
-----------------------------------------------------------------------------

Surprisingly, removal of Rh1 did not noticeably alter the residual *norpA* ERG response ([Figure 4](#fig4){ref-type="fig"}B), suggesting that the fly's major rhodopsin signals almost exclusively via *norpA-*encoded PLC-β. But why did we observe a *norpA*-independent function for *Rh1* in behavioral and molecular synchronization ([Figures 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"})? The *ninaE*^*17*^ *cry*^*b*^ and *Gq*^*1*^ *cry*^*b*^ flies also carry the *spineless*^*1*^ (*ss*^*1*^) allele, and loss-of-function *ss* alleles have been shown to drastically reduce *Rh4* and *Rh6* expression in R7 and R8 cells, respectively \[[@bib50]\]. In principle, this raises the possibility that the lack of synchronization observed in both genotypes could be caused by a reduction in Rh6 rather than the loss of Rh1 or reduction in Gq. However, *ss*^*1*^ is a weak allele, and although Rh6 expression has not been investigated, it shows only a mild reduction of Rh4 expression in R7 cells (data not shown); also, it does not show the antennal transformations and tarsal deletions associated with strong *ss* alleles \[[@bib51]\]. In addition, we found no difference in the slow-synchronization phenotype between *norpA*^*P41*^ *cry*^*b*^ mutants with and without *ss*^*1*^ ([Figure S3](#mmc1){ref-type="supplementary-material"}), unlike *norpA*^*P41*^ *Rh6*^*1*^ *cry*^*b*^ mutants, which show a decrease in synchronization speed compared to *norpA*^*P41*^ *cry*^*b*^ \[[@bib20], [@bib29]\]. Taken together, we are therefore confident that the behavioral and molecular synchronization defects observed in *norpA*^*P41*^ *ninaE*^*17*^ *ss*^*1*^ *cry*^*b*^ and *norpA*^*P41*^ *Gq*^*1*^ *ss*^*1*^ *cry*^*b*^ flies are, indeed, caused by the lack or reduction of Rh1 and Gq, respectively.

Although we see a correlation between the circadian assays and the ERG recordings with regard to Rh5, Rh6, Gq, and PLC21C function, it is questionable to what extent results obtained from the two assays are related. For example, ERGs are responses measured to a 2-s flash of bright light, whereas the circadian assays apply 12-hr:12-hr ramped LD cycles, with light intensities ranging from 0 to 180 lux. There could, however, be a physiologically more interesting explanation for the discrepancy that we observe between the experiments involving removal of Rh1. Namely, the lack of molecular and behavioral synchronization suggests that that integration of signals from both R1--R6 and R8 is required for circadian clock entrainment to occur. This might be implemented either by a common downstream interneuron or, for example, by R1--R6 signals being fed into R8, which would then, in effect, also be acting as an interneuron (although these signals would presumably have to be "silent" at the level of the ERG to explain the lack of effect in the *norpA*^*P41*^ *ninaE*^*17*^ double mutant). Such a situation would have interesting parallels with circadian entrainment in mammals, which is mediated both by melanopsin-expressing, intrinsically light-sensitive retinal ganglion cells (RGCs) and by the rods and cones \[[@bib42]\]. Interestingly, the RGCs act both as photoreceptor cells and as interneurons for propagating the rod and cone signals.

Conclusions {#sec3.6}
-----------

We have shown that non-canonical phototransduction involving Rh1, Rh5, Rh6, Gq, and PLC21C can contribute to circadian clock resetting in *Drosophila* in the absence of NORPA. This novel pathway targets a specific subgroup of clock neurons, the s-LNvs, and synchronizes clock protein oscillations in these cells independent of the cell-autonomous circadian photoreceptor CRY. Remarkably, except for Rh1, the same factors also contribute to residual, *norpA*-independent, visual system light sensitivity to brief flashes of light, highlighting the versatility and biological significance of this novel pathway.

STAR★Methods {#sec4}
============

Key Resources Table {#sec4.1}
-------------------

REAGENT or RESOURCESOURCEIDENTIFIER**Antibodies**Rabbit anti-PERIODStanewsky lab, University of Münster \[[@bib52]\],N/Amonoclonal mouse anti-PDF C7DSHBCat\# PDF C7, RRID:[AB_760350](nif-antibody:AB_760350){#intref0010}goat anti-rabbit AlexaFluor 488 nmMolecular ProbesCat\# A-11034, RRID:[AB_2576217](nif-antibody:AB_2576217){#intref0015}goat anti mouse AlexaFluor 647 nmMolecular ProbesCat\# A32728, RRID:[AB_2633277](nif-antibody:AB_2633277){#intref0020}**Chemicals, Peptides, and Recombinant Proteins**RNAlaterAmbionCat\# AM7020VectashieldVectorLabsCat\# H-1000**Critical Commercial Assays**RNeasy kitQIAGENCat\# 74104RT-PCR KitApplied BiosystemsCat\# 4368813**Experimental Models: Organisms/Strains***D. melanogaster: y w*Stanewsky lab, University of Münster \[[@bib4]\],N/A*D. melanogaster: y w;;ss*^*1*^*cry*^*b*^Stanewsky lab; University of Münster \[[@bib4]\],N/A*D. melanogaster: y w;; cry*^*b*^Rouyer lab, CNRS, Gif-sur-Yvette \[[@bib28]\],N/A*D. melanogaster: ninaE*^*17*^Helfrich-Förster lab, University of Würzburg \[[@bib53]\],N/A*D. melanogaster: Rh5*^*2*^Desplan lab, New York University \[[@bib54]\],N/A*D. melanogaster: Rh6*^*1*^Desplan lab, New York University \[[@bib55]\],N/A*D. melanogaster: Gq*^*1*^Hasan lab, National Centre for Biological Sciences, Bangalore \[[@bib49]\],N/A*D. melanogaster: Plc21C*^*P319*^Hasan lab, National Centre for Biological Sciences, Bangalore \[[@bib40]\],N/A**Oligonucleotides**rp49 sense 5′-CGATATGCTAAGCTGTCGCACA-3′\[[@bib56]\]N/Arp49 antisense 5′-CGCTTGTTCGATCCGTAACC-3′\[[@bib56]\]N/APLC21C sense 5′-CCGCTTTTGGGGTTCTCTCT-3′Stanewsky lab, University of Münster, this paperN/APLC21C antisense 5′-TCTGGTCGACCCAGTAG\
AGG-3′Stanewsky lab, University of Münster, this paperN/A**Software and Algorithms**MATLABMathworks, IncVersion 2014aFlytoolboxLevine Lab, University of Toronto \[[@bib57]\],<stanewsky@uni-muenster.de>FIJIImageJ<https://imagej.nih.gov/ij/>GIMPGNU Image Manipulation Program<https://www.gimp.org/>LED controller\[[@bib58]\]<https://github.com/PolygonalTree/Led-control>pClampMolecular DevicesVersion 10

Contact for Reagent and Resource Sharing {#sec4.2}
----------------------------------------

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Ralf Stanewsky (<stanewsky@uni-muenster.de>)

Experimental Model and Subject Details {#sec4.3}
--------------------------------------

### Flies {#sec4.3.1}

Flies were raised with a 12-h:12-h LD cycle on standard *Drosophila* medium (0.7% agar, 1.0% soy flour, 8.0% polenta/maize, 1.8% yeast, 8.0% malt extract, 4.0% molasses, 0.8% propionic acid, 2.3% nipagen) at 25°C and were collected ∼3--5 d post eclosion. *y w* flies, as well as *norpA*^*P41*^ and *cry*^*b*^ flies have been described previously \[[@bib4]\]. The *Rh5*^*2*^ and *Rh6*^*1*^ alleles harbor intragenic deletions of coding sequences \[[@bib54], [@bib55]\], while *Gq*^*1*^ is a strong hypomorph \[[@bib49]\]. The loss-of-function allele *ninaE*^*17*^ removes large parts (1.6 kb) of the Rh1 DNA coding region \[[@bib53]\]. The hypomorphic allele *Plc21C*^*P319*^ harbors a *P-*element insertion in the first intron of the *Plc21C* gene resulting in blunted antennal olfactory responses and reduced *Plc21C* mRNA levels \[[@bib40]\].

Method Details {#sec4.4}
--------------

### Behavior analysis {#sec4.4.1}

3 to 5 day old male flies were individually recorded using the *Drosophila* Activity Monitor System (DAM2; Trikinetics) in tubes containing food consisting of 2% agar and 4% sucrose. The monitors were located inside a temperature-controlled incubator, where cold white LED strips (5050 surface-mount device cool white LED strips, 3000-4000 K, [Figure S1](#mmc1){ref-type="supplementary-material"}B) were attached. The LEDs were controlled using an Arduino with a custom made shield, enabling the Arduino to switch the lights on and off in conjunction with an open source desktop app \[[@bib58]\]. As shown in [Figure S1](#mmc1){ref-type="supplementary-material"} lights were ramped for 2 hours from 0 to 60 μWatt/cm^2^ (∼180 lux) at the beginning of the day and in the opposite direction in the evening. For the first 4 days, the flies were kept at the same regime that they were raised in, with the addition of a temperature cycle of 25°C during 'lights on' and 16°C during 'lights off'. On the last day before the change, the temperature was kept constant at 25°C. On that day, the night was prolonged by 6 hours. The flies were in the new regime for 7 days, after which they were released into DD for another 5 days. The actograms and histograms were generated in MATLAB using the flytoolbox \[[@bib57]\]. The histograms of the second LD phase were done from the data of the last 3 days, to avoid any transients. The quantification of the phase was done as in \[[@bib28]\], where in a custom made Excel macro, individual histograms for each day were assessed to determine the evening activity peak. The averages, SEM and plotting of the results were done in R.

### Electroretinogram recordings {#sec4.4.2}

Electroretinograms (ERG) were recorded as described previously (e.g \[[@bib59]\]) from young (2-5 days old) dark-reared flies of either sex immobilized with low melting point wax in truncated pipette tips. Recordings were made with low resistance (∼10 MΩ) glass microelectrodes filled with fly Ringer (140 mM NaCl, 5 mM KCl, 1.5 mM CaCl~2~, 4 mM MgCl~2~) 'punched' through the cornea into the retina, with a similar electrode inserted into the head capsule near the ocelli as reference. Light stimulation came from a "warm white" power LED (Cairn Research, [Figure S1](#mmc1){ref-type="supplementary-material"}C) delivered to within ∼5 mm of the eye via a liquid-filled light guide (diameter 5 mm). Intensity of the stimulus was approximately 10^7^ effectively absorbed photons per second per photoreceptor. All flies were on a white-eyed (*w*^*1118*^) background.

### Immunohistochemistry {#sec4.4.3}

To study PER levels, immunohistochemical analysis were performed as previously described \[[@bib60]\]. Briefly, prior to collection, young adult males were entrained for 3 days under the same 12:12 hr LD conditions as were used for the behavior experiments. At the determined time points the flies were fixed in 4% PFA for 4h at 4°C. After fixation, the samples were washed 6 times with 0.1 M phosphate buffer (pH 7.4) with 0.1% Triton X-100 (PBS-T) at room temperature (RT). Brains were dissected in PBS, were then blocked with 10% goat serum in 0.5% PBS-T for 2 hr at RT and stained with pre-absorbed rabbit anti-PER (1:1000) \[[@bib52]\] and monoclonal mouse anti-PDF C7 (DSHB, 1:200) in 10% goat serum in 0.5% PBST for at least 48h at 4°C. After washing 3 times by PBS-T, the samples were incubated at 4°C overnight with goat anti-rabbit AlexaFluor 488 nm (1:250) and goat anti mouse AlexaFluor 647 nm (Molecular Probes) in PBS-T. Brains were washed 3 times in PBS-T before being mounted in Vectashield. The images were taken using a Leica SP8 confocal microscope, keeping the same conditions for each experiment. Clock neurons were identified either directly (s-LNv and l-LNv) via expression of the neuropeptide PDF, or by their position within the brain with respect to the PDF+ LNv cell bodies and PDF processes projecting from the s-LNv into the dorsal protocerebrum (for 5^th^-LNv, LNd, DN1, and DN2). For time course quantification, pixel intensity of mean and background staining in each neuronal group was measured by FIJI \[[@bib61]\]. For each cell three measurements were taken, as well as 3 measurements of the background for the corresponding slice. The data were analyzed and represented using R. After background subtraction, the measurements were normalized to the values of each of the neuronal groups obtained for *y w* at ZT22. The images shown in [Figure 3](#fig3){ref-type="fig"} A and B were processed with GIMP.

#### RNA isolation and RT-PCR {#sec4.4.3.1}

To extract the RNA, 20-50 flies of the indicated genotype were collected in 2 mL RNAlater (Ambion) supplemented with 100 μl 0.1% PBST to improve RNAlater penetration. Flies were incubated overnight at 4°C, before 30 retinas and 20 brains were dissected in cold RNAlater. Total RNA was extracted using the RNeasy kit (QIAGEN) following the manufacturer's instructions. The eluted RNA was immediately used for cDNA synthesis using the Reverse Transcription Reagents Kit (Applied Biosystems) using 1 μg of total RNA as a template. The cDNA was diluted and amplified via PCR with the following oligonucleotides: rp49 sense 5′-CGATATGCTAAGCTGTCGCACA-3′, rp49 antisense 5′-CGCTTGTTCGATCCGTAACC-3′ (as in \[[@bib56]\]), PLC21C sense 5′-CCGCTTTTGGGGTTCTCTCT-3′ and PLC21C antisense 5′-TCTGGTCGACCCAGTAGAGG-3′. Bands were separated on 2% agarose gels and their intensities measured using ImageJ FIJI plugin and normalized against the intensity value of rp49.

Quantification and Statistical Analysis {#sec4.5}
---------------------------------------

Statistical significance was calculated in R by one-way ANOVA followed by Tukey's test for post hoc analysis ([Figures 2](#fig2){ref-type="fig"}E, [3](#fig3){ref-type="fig"}C--E, [5](#fig5){ref-type="fig"}D, [S2](#mmc2){ref-type="supplementary-material"}), or by Dunnet's multiple comparison ([Figures 4](#fig4){ref-type="fig"}C, 4D, [5](#fig5){ref-type="fig"}F).

Data and Software Availability {#sec4.6}
------------------------------

Raw data and locomotor activity analysis code will be provided upon request by Lead Contact, Ralf Stanewsky (<stanewsky@uni-muenster.de>)

Supplemental Information {#app2}
========================

Document S1. Figures S1--S3 and Table S1Document S2. Article plus Supplemental Information
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